Comet 133P/Elst-Pizarro is the first-known and currently best-characterised member of the main-belt comets, a recently-identified class of objects that exhibit cometary activity but which are dynamically indistinguishable from main-belt asteroids. We 
INTRODUCTION
Discovered on 1996 August 7 , Comet 133P/Elst-Pizarro (also designated 7968
Elst-Pizarro; hereafter 133P) orbits in the main asteroid belt (a = 3.156 AU, e = 0.165, i = 1.39
• ).
It has a Tisserand parameter (with respect to Jupiter) of T J = 3.184, while classical comets have T J < 3 (Vaghi 1973; Kresák 1980) . In 2005, two more objects displaying cometary activity that are likewise dynamically indistinguishable from main-belt asteroids were identified: P/2005 U1 (Read) (Read et al. 2005) and 176P/LINEAR (also known as asteroid 118401 (1999 RE 70 )) (Hsieh et al. 2006) . Their discoveries led to the designation of a new cometary class -the main-belt comets (MBCs) -among which 133P is also classified (Hsieh & Jewitt 2006b) . A fourth MBC, P/2008 R1 (Garradd) , has also since been discovered (Garradd et al. 2008; Jewitt et al. 2009 ).
Despite the initial excitement over the discovery of the cometary nature of 133P in 1996, no physical studies or monitoring reports were published in the refereed literature until the comet's activity was re-observed in 2002 Lowry & Fitzsimmons 2005) . Consequently, little is known about 133P's active behaviour in that intervening period. Since knowledge of the timing of active episodes can constrain hypotheses concerning the source of the activity, we report the results of our own monitoring campaign, which began following 133P's active outburst in 2002
and which culminated in observations of renewed activity in 133P in 2007.
OBSERVATIONS
Since 133P's 2002 active episode, we have monitored the comet for evidence of recurrent dust emission using the University of Hawaii (UH) 2.2-m telescope and the 10-m Keck I telescope, both on Mauna Kea, the 1.3-m telescope operated by the Small and Moderate Aperture Research
Telescope System (SMARTS) Consortium at Cerro Tololo, and the 3.58-m New Technology Telescope (NTT) operated by the European Southern Observatory (ESO) at La Silla. All observations telescope, all observations were made while tracking our target non-sidereally to prevent trailing of the object. For SMARTS 1.3-m observations, non-sidereal tracking was not available, and as such, exposure times were selected such that the trailing of the object during the course of a single exposure would be less than 0. 5, well below the typical full width at half-maximum (FWHM) seeing at the 1.3-m site.
Standard image preparation (bias subtraction and flat-field reduction) was performed for all images. Flat fields were constructed from dithered images of the twilight sky. Photometry of Landolt (1992) standard stars and field stars was obtained by measuring net fluxes (over sky background)
within circular apertures, with background sampled from surrounding circular annuli. Comet photometry was performed using circular apertures of different radii (ranging from 2. 0 to 5. 0), but to avoid the contaminating effects of the coma, background sky statistics were measured manually in regions of blank sky near, but not adjacent, to the object. Several (5-10) field stars in the comet images were also measured to correct for minor extinction variations during each night.
RESULTS & DISCUSSION

Monitoring Campaign
For all monitoring observations, individual R-band images (aligned on the object's photocenter using linear interpolation) from each night were combined into single composite images (Fig. 1 ).
For reference, we also show composite images from 133P's 2002 active phase (Figs. 1a-1d; Hsieh et al. 2004) . Activity is marginally visible in images from May 19, 2007 August 18, and 2007 , while the comet's characteristic dust trail is clearly visible in the image from 2007 July 17 (Fig. 1q) . We find no evidence of activity in images from 2003
September 22 through 2007 March 21 and from 2008 July 1 (Fig. 1t) . In all images, even those obtained while 133P was active, the FWHM of the object's surface brightness profile is consistent with the typical FWHM seeing at the time of night when those images were obtained, implying that little or no coma is present.
In Figure 2 , we mark the positions where we observed 133P to be active or where others reported it to be active, as well as positions where we observed it to be inactive, on a plan view of its orbit. The figure shows that reports of activity in 133P are approximately confined to the quadrant following perihelion, with the earliest detection of activity occurring shortly before perihelion at a true anomaly of ν ≈ 350
• and the latest detection occurring at ν ≈ 90
• . This activity profile is consistent with the hypothesis of seasonal activity modulation described in Hsieh et al. (2004) and Hsieh & Jewitt (2006a) , whereby 133P's activity is driven by the sublimation of a localised patch of exposed volatile material confined to either the "northern" or "southern" hemisphere of the body. Assuming non-zero obliquity, activity then only occurs during the portion of the orbit when that active site receives enough solar heating to drive sublimation, i.e., during that hemisphere's "summer". We note that our observations of 133P on 2008 July 1 at the NTT showed it to be inactive despite the object being observed to be active at nearly the same orbital position in 2002.
We attribute this discrepancy to a combination of the low signal-to-noise of this observation and the expected extremely weak activity of 133P at that point in its orbit .
Photometric Activity Detection and Measurement
When no coma is clearly visible for an object, an alternate method for detecting activity is examination of its photometric behaviour: i.e., determining whether it is consistent with an inactive object of a fixed size, or whether it shows anomalous brightening over a certain portion of its orbit.
This type of analysis led to the discovery of activity in 95P/(2060) Chiron (Tholen et al. 1988 ; Bus
Return of Activity in Comet 133P/ Elst-Pizarro 5 et al. 1988; Meech & Belton 1989; Hartmann et al. 1990) . In applying this approach to 133P, we recall that Hsieh et al. (2004) originally derived linear and IAU H,G phase function solutions for 133P using data taken in 2002 when the object was visibly emitting dust. In the case of that data set, 133P's activity was judged to contribute negligibly to nucleus photometry (as no significant coma was detected) and was thus assumed to affect phase function derivations similarly negligibly. Having since accumulated a substantial set of observations while 133P was entirely inactive, though, we can now assess the validity of this neglect by deriving new phase function solutions and comparing the results to those of Hsieh et al. (2004) .
We caution that, unlike the data used by Hsieh et al. (2004) , the photometric data used in this follow-up analysis (2003 ( Sep 22 to 2007 Mar 21) all consist of "snapshot observations", which are short sequences of exposures at unknown rotational phases, instead of full lightcurves. This caveat is significant because rotation of the body is expected to cause deviations in measured brightness by as much as 0.2 mag from the comet's true mean brightness at a given time .
Given a sufficiently large data set, however, we expect that the average of these fluctuations will approach zero, allowing us to derive reasonably accurate phase function solutions without necessarily knowing the rotational phase at which each individual photometry point was obtained.
Nonetheless, the lack of rotational phase information for our snapshot observations remains a source of uncertainty.
We compute the reduced magnitude, m R (1, 1, α), of 133P at the time of each observation using
where R is the heliocentric distance of the object in AU, ∆ is the object's geocentric distance in AU, and m mid (R, ∆, α) is the estimated R-band magnitude at the midpoint of the full photometric range of the rotational lightcurve ( 
We also find best-fit values of H R = 15.49 ± 0.05 mag and G R = 0.04 ± 0.05 for the IAU phase function as defined in Bowell et al. (1989) . Photometry obtained at phase angles of α < 5
• , where an opposition surge effect is expected, are included in the derivation of the IAU phase function but omitted from the derivation of the linear phase function. We plot our best-fit solutions in Assuming that the discrepancy between an observed magnitude, m mid , and expected magnitude, m exp , is due to dust contamination, the scattering surface area of the dust, A d , is given by
where A n = πr 2 e = 1.13 × 10 7 m 2 is the scattering cross-section of the nucleus (Hsieh et al. 2009) , and albedos of the nucleus and dust are assumed to be equal. Assuming optically thin dust, the total dust mass, M d , can then be estimated from
where we adopt typical dust grain radii of a d = 10 µm and a bulk grain density of ρ d = 1300 kg m −3
(cf. Hsieh et al. 2004 ).
For reference, we also compute A f ρ (cf. A' Hearn et al. 1984) for each set of observations where the parameter is given by
where R is in AU, ∆ is in cm, ρ is the physical radius in cm of a 4. 0-radius photometry aperture
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where Φ 1 and Φ 2 are given by
(8) (Bowell et al. 1989 ).
Using Equations 3, 4, and 5, we compute A d , M d , and A f ρ for each set of observations from 2002 and 2007 during which 133P was observed to be active, and tabulate the results in Table 2 .
We find that for data from 2002, dust contamination is approximately constant with a scattering surface area of ∼0.20A n and a dust mass of M d ∼ 4 × 10 4 kg contained within ∼3 arcsec (∼4500 km in August-November; ∼6500 km in December) photometry apertures. The relatively constant amount of dust over this time period explains why we were able to derive reasonably accurate slope parameters for 133P from our 2002 data despite arriving at incorrect results for the comet's absolute magnitude due to the dust contamination.
In data from July 2007, we find that 133P's inferred dust coma has a strength comparable to that observed in 2002, having a scattering surface area equivalent to ∼0.25A n and a dust mass of M d ∼ 5 × 10 4 kg contained within ∼4 arcsec (∼4700 km) photometry apertures. The slightly larger amount of inferred dust in 2007 could indicate a higher rate of dust production, but could also be due to different viewing geometries, given that 133P was close to opposition when observed in July 2007. At this position, the antisolar vector for 133P points very nearly directly behind the object as seen from Earth, causing more of the dust trail to be located within the seeing disc of the comet as projected on the sky. Given the limitations of our observations, however, we are unable to disentangle this possible projection effect from any intrinsic increase in dust production. Additionally, 133P's apparent brightness could also have been enhanced by an opposition surge effect from the dust in its coma, though we unfortunately lack observational constraints for quantifying this effect.
Given these various possible contributing factors to 133P's enhanced brightness on 2007 July 17 and 20, we are unable to determine whether 133P was more active on these dates compared to observations, a rather unexpected discovery given the minimal amount of time elapsed since our 2007 July observations. We suggest that the large inferred dust contribution to nucleus photometry in August and September could be at least partly due to geometric effects. As can be seen in
Figures 1q-1s, the orientation of the projection of the dust trail appears to change over this period of time. We caution that poor seeing during our August and September observations and the small aperture (1.3 m) of the telescope used to obtain these data mean that the observed morphology (namely, the near-disappearance of the dust trail) cannot be considered entirely reliable. If the observed morphology is believed, however, much of the precipitous increase in 133P's apparent coma strength between July and August could be due to the dust trail becoming almost directly aligned behind the nucleus in August and September, thus becoming unavoidably included within our photometry apertures.
We can account for this viewing geometry effect by integrating the scattering surface area of the visible dust trail measured in July data (discussed below; §3.4) and then assuming that it all falls within the photometry aperture used to measure the nucleus magnitudes in August and
September. The net increase in dust scattering surface area implied by photometry between 2007
July 20 and 2007 August 18 is ∼0.40A n . The integrated scattering surface area of the dust trail on 2007 July 20 over the first 30 arcsec from the nucleus (the trail becomes too faint to measure reliably beyond this point), however, is ∼0.20A n , accounting for only about half of the observed increase in dust contamination between July and August. The remainder of the observed increase could be partly due to distant material in the dust trail that was too diffuse to detect in trail form in July data, but nevertheless contributed positively to nucleus photometry when projected directly behind the nucleus in August and September. It seems unlikely, however, that half of the dust in the trail could go undetected in our July data, and as such, we surmise that at least part of the increase must in fact be due to a real increase in dust production, which of course would certainly be plausible at this early stage in 133P's active phase. to allow us to obtain deep imaging of 133P in multiple filters and also construct simultaneous lightcurves in each filter. These lightcurves then allowed us to search for surface colour inhomogeneities that, for example, may constrain the position of the localised active site hypothesized by Hsieh et al. (2004) . These lightcurves, phased to a rotational period of P rot = 3.471 hr , are plotted in Figure 4 . To then assess colour variation as a function of rotational phase for each filter pair, we use linear interpolation to obtain the magnitudes of the object in the second filter at times of observations in the first filter and then plot the differences (Fig. 5 ), again phased to P rot = 3.471 hr.
We find mean nucleus colours of B − V = 0.65 ± 0.03 mag, V − R = 0.36 ± 0.01 mag, and R − I = 0.32 ± 0.01 mag. These values are somewhat different from the mean colours found for 133P by Hsieh et al. (2004) , but are within the range of individual values measured in that work. We regard the colour measurements presented here to be more accurate since our repeated multifilter observations of 133P here allowed us to account for both rotational magnitude variations (via lightcurve interpolation) and minor extinction variability (using field stars as references for making differential photometric corrections). The single sets of multifilter observations used to make 133P's previous colour measurements did not permit either of these corrective measures.
Upon examining individual colour measurements, we find no conclusive evidence of rotational colour inhomogeneity. We find maximum colour variations of only ∆(B − V) = 0.11 ± 0.13 mag, ∆(V −R) = 0.06±0.07 mag, and ∆(R− I) = 0.08±0.08 mag, where the non-systematic distribution of even these small variations indicates that they are most likely due to ordinary measurement uncertainties. We note that this result does not rule out the possibility that 133P's active area exhibits a different colour signature than inactive surface material. First, the coma that is likely present ( §3.2) should act to obscure colour variations on the nucleus surface, with the precise amount of obscuration varying with rotational phase as the ratio of the nucleus's scattering crosssection to the coma's cross-section changes.
Furthermore, under the seasonal heating hypothesis Hsieh & Jewitt 2006a) , the active site is in fact expected to be illuminated by the Sun at all rotational phases when near perihelion (assumed to be close to solstice) when these observations were made. The nucleus orientation at this time allows the active site to receive maximal solar heating but also means that the active site is always in the line of sight as viewed from Earth. We suggest that more favourable conditions for detecting colour inhomogeneities will occur around 133P's next preperihelion equinox (likely near ν ∼ 270 • ). Based on prior observations ( §3.1), the nucleus should be largely coma-free over this portion of the orbit, and at equinox, the active site should pass into and out of the line of sight as the nucleus rotates, maximising any colour variations. We therefore encourage additional rotationally-resolved colour measurements of 133P between late 2011 and early 2012.
Implications for 133P's Pole Orientation
For reference, we remove the estimated dust contamination from both our 2002 and 2007 lightcurve data, and overplot the two sets of lightcurves (Fig. 6) . Each of the two sets of data are phased selfconsistently to P rot = 3.471 hr, though given the great difficulty of phasing data together that are separated by almost 5 years to such a short rotational period, the 2002 and 2007 data are simply aligned by eye. Due to the two-peaked nature of 133P's lightcurve, though, there is an ambiguity in performing this alignment. In one case (Fig. 6a) , the data can be aligned such that the lightcurve shape and photometric range appear largely unchanged between the two observation epochs. In the second case (Fig. 6b) , the data can be aligned such that the photometric range of lightcurve appears to decline to ∆m R ∼ 0.25 mag in 2007 from ∆m R ∼ 0.35 mag in 2002. In the latter case, it should be recalled that the coma contribution to the data plotted has already been subtracted, and as such the change in photometric range cannot be attributed to differences in the amount of coma. Unfortunately, due to the incomplete sampling of the lightcurve in 2007, it is not possible to resolve the ambiguity between these two cases.
This ambiguity is significant because of the implications of photometric range behaviour for the orientation of 133P's rotational pole. To gain more insight as to how the photometric range of 133P should change depending on pole orientation and observing geometry, we simulate its lightcurve behaviour using the model presented in . We assume a simple prolate ellipsoidal shape for the nucleus of 133P and render it at various observing geometries and rotational phases. At each rotational phase, the light reflected back to the observer is integrated to generate lightcurve points. The 2002 September coma-corrected photometric range for 133P was measured to be ∆m R = 0.35 mag, and so we use a nucleus axis ratio of a/b = 10 0.4∆m R = 1.39 (it should be noted that this is a lower limit due to the unknown projection angle at the time). We use The seasonal heating hypothesis implies that 133P is at solstice when close to perihelion, i.e. has a true anomaly at solstice of ν sol ≈ 0 • , and also requires that the object have non-zero obliquity (ε 0 • ). In principle, ν sol could potentially have any value from ν sol ≈ 0
since the temperature of the hemisphere where 133P's active site is located will begin to rise due to solar heating before the spin axis direction is actually aligned with the Sun. The seasonal heating hypothesis is inconsistent, however, for pole orientations for which ν sol ≈ 90
We simulate the lightcurve behaviour of 133P for ν sol = 0 Clearly, additional and more complete lightcurve observations at different points in 133P's orbit are needed to clarify how 133P's photometric range varies with orbit position, constrain the object's pole orientation, and determine whether the seasonal heating hypothesis remains plausible. Given our current data, we can neither confirm nor reject the plausibility of seasonal activity modulation as described by Hsieh et al. (2004) . While the pattern of activity of 133P along its orbit appears consistent with the seasonal heating hypothesis, the discovery of an incompatible pole solution could indicate that activity is in fact modulated by factors other than obliquity, e.g.,
shadowing of the active site by crater walls or other local topographic features. In Figure 11 , we use our model to forecast the photometric range behaviour of 133P over 1.5 orbits from its peri- The observability of 133P during this period is also indicated in the figure, and should assist in planning observations that are best-suited for discriminating between the various pole orientations that we consider here.
The Dust Trail Revisited
To produce deep composite images from our 2007 NTT data, we use linear interpolation to shift the multiple images obtained in each filter to align the photocenters of the nucleus in each image, and sum the resulting shifted images. To measure the surface brightness profiles of the dust trail in these composite images, we then rotate the images to make the trail horizontal in the image frames, ε ε ε ε Figure 11 . Photometric range for 133P predicted by four different pole solutions for the period between its 2007 July perihelion passage and 2016 January aphelion passage. Dark lines correspond to solutions that are consistent with the seasonal heating hypothesis, while light lines correspond to solutions that are inconsistent with that hypothesis. Grey areas indicate times when 133P is at solar elongations less than 80 • , i.e., approximately when it is observable for fewer than 4 hours in a single night.
